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Abstract Microbes are key components of the soil environ-
ment, playing an important role in maintaining soil health,
sustainability, and productivity. The composition and structure
of soil bacterial communities were examined in winter wheat–
rice (WR) and winter wheat–maize (WM) cropping systems
derived from five locations in the Low-Middle Yangtze River
plain and the Huang-Huai-Hai plain by pyrosequencing of the
16S ribosomal RNA gene amplicons. A total of 102,367 high
quality sequences were used for multivariate statistical analy-
sis and to test for correlation between community structure
and environmental variables such as crop rotations, soil prop-
erties, and locations. The most abundant phyla across all soil
samples were Proteobacteria , Acidobacteria , and
Bacteroidetes . Similar patterns of bacterial diversity and com-
munity structure were observed within the same cropping
systems, and a higher relative abundance of anaerobic bacteria
was found in WR compared to WM cropping systems. Vari-
ance partitioning analysis revealed complex relationships be-
tween bacterial community and environmental variables. The
effect of crop rotations was low but significant, and

interactions among soil properties, locations, and crop rota-
tions accounted for most of the explained variation in the
structure of bacterial communities. Soil properties such as
pH, available P, and available K showed higher correlations
(positive or negative) with the majority of the abundant taxa.
Bacterial diversity (the Shannon index) and richness (Chao1
and ACE) were higher underWR thanWMcropping systems.

Introduction

Winter wheat (Triticum aestivum L.) is one of the most
important cereal crops worldwide, and the Low-Middle Yang-
tze River (LMYR) plain and the Huang-Huai-Hai (HHH)
plain are the two main winter wheat growing areas in China,
with winter wheat–rice (WR) rotation in the LMYR plain and
winter wheat–maize (WM) rotation in the HHH plain. With
the increasing food demand in China, high productivity and
sustainable food production is becoming increasingly
important.

Soil microorganisms are important components of sustain-
able agro-ecosystems [1] as they mediate many processes that
are crucial to soil agricultural productivity, including recycling
of soil nutrients, maintenance and development of soil struc-
ture, degradation of agrochemicals, and the control of pests
and plant pathogens [2–5]. Bacteria are the most abundant and
diverse group of microorganisms in soil [6], and there are
estimated to be as many as 109–1010 bacteria and 6,000–
50,000 bacterial species per gram of soil [7, 8]. Bacteria are
major drivers for nearly all biogeochemical cycles in terrestrial
ecosystems and participate in maintaining the health and
productivity of soil in agricultural systems [9, 10].

It is well known that management practices (e.g., applica-
tion of fertilizer or fungicide, periodic flooding, and crop
rotations), plant species, soil type, geographic distance, etc.
largely determine the structure of bacterial communities
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[11–16]. Crop rotation is an important agricultural practice for
increasing crop yield and disease suppression [17, 18]. It may
also result in shifts in the microbial communities as different
plant species secrete different types of root exudates,
which can shape soil bacterial community structure
[14, 19]. Significant differences in composition, abun-
dance, and diversity were observed following different
crop rotation systems [17, 20, 21]. However, in some
cases, crop rotation appeared to have smaller effects
than other management practices such as organic and
conventional management of the cropping system [22].

Understanding the soil microbial community and its re-
sponse to the various land use and management systems is
important for selecting suitable management practices to im-
prove ecosystem service and soil function [21, 23, 24]. There-
fore, experiments examining the effects of soil properties,
locations, and crop rotations on the microbial community
should help reveal what drives changes in microbial popula-
tions. In the present study, we employ 16S ribosomal RNA
(16S rRNA) pyrosequencing to reveal the bacterial diversity
and community structure under two main winter wheat
cropping systems in China. The large amount of data gener-
ated by this method provides detail information on the soil
bacterial assemblages, allows us to make comparative analy-
ses of bacterial diversity and community composition, and
thus makes it possible to characterize the majority of variation
within the soil microbial community.

The objectives of this study were (1) to determine the
abundance, taxonomic diversity, and composition of the bac-
terial community between the two winter wheat cropping
systems and (2) to determine the contributions of environmen-
tal variables that correlated to changes in the structure of
bacterial communities.

Materials and Methods

Site Descriptions and Soil Sampling

Five study sites were selected in the LMYR plain and HHH
plain. Three sites were in the LMYR plain with a winter
wheat–rice rotation system: Changshu (CS), Jintan (JT), and
Zhangjiagang (ZJG). The other two sites were in the HHH
plain with a winter wheat–maize rotation system: Dezhou
(DZ) and Quzhou (QZ). The sites differed in location, soil
types, and cropping systems (Table 1; Table S1). Management
practices and fertilization were in accordance with the
standard of each site. Irrigation was routinely used in
the rice season of the winter wheat–rice region to main-
tain the shallow standing water during seedling stage to
maturity stage, while wheat and maize were watered
when necessary for agriculture. Herbicides and pesti-
cides were applied when necessary.

Soil samples were collected randomly from the plough
layer (0–20 cm) at each site using a 2.5-cm diameter soil auger
soon after the winter wheat crops were harvested in June 2011.
Triplicate samples were collected at each site, and each sample
was a mixture of 10 cores (2.5 cm diameter×20 cm deep)
within an area of ∼100 m2. All samples were packed on ice
upon collection and transported to the laboratory. The soil was
sieved to 2mm and thoroughly homogenized; one portion was
air-dried for soil properties analysis and the other for DNA
extraction.

Soil Characteristics Analysis

Soil pH was determined with a glass electrode (soil/water=
1:5). Available K in the soil was extracted with ammonium
acetate and determined by flame photometry. Available P in
the soil was extracted with sodium bicarbonate and then
determined using the molybdenum blue method. Soil organic
C (SOC) and total N (TN) were determined by an Elementar
Vario EL III (Germany). Soil particle size distributions were
determined by a Beckman Coulter LS 230 (USA) following
the manufacturer’s recommendations.

DNA Extraction, PCR amplification, and 454
Pyrosequencing

Total genomic DNA was extracted from 1.0 g subsamples
using a PowerSoil DNA Isolation Kit (Mo Bio Laboratories
Inc., Carlsbad, CA, USA) according to the manufacturer’s
instructions. Three successive DNA extractions of each sam-
ple were pooled before PCR (to minimize DNA extraction
bias). The concentration and quality (ratio of A260/A280) of the
DNAwere determined with a spectrophotometer (NanoDrop,
ND2000, ThermoScientific, Wilmington, DE, USA).

PCR amplification of the bacterial 16S rRNA genes from
the genomic DNA of the 15 soil samples was conducted using
a highly conserved universal bacterial primer set as described
by Dethlefsen et al. [25] and Huse et al. [26] The 27F (5′-
GCCTTGCCAGCCCGCTCAG -TC -AGAGTTTGATCCTG
GCTCAG-3′) and 533R fusion primers (5′-GCCTCCCTCG
CGCCATCAG -AC -NNNNNNNNNN-TTACCGCGGCTG
CTGGCAC-3′) were employed. For each sample, this fusion
primer included Roche-454 A/B adapters (shown in italics)
and a 2-bp linker sequence (shown in bold) followed by a
unique, error-correcting barcode sequence (Ns) and the 16S
rRNA primer. The region amplified by this primer set is well
suited for accurate phylogenetic placement of bacterial se-
quences [27].

All PCR reactions for each sample were performed in
triplicate (including two negative control reactions) with
2 μM of each primer, 0.25 μM dNTPs (Takara), 4 μL of 5×
FastPfu Buffer (TransGen, TransGen Biotech Co., Ltd., Bei-
jing, China), 1 U of FastPfu DNA polymerase (2.5 U/μL,
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TransGen), and 20 ng of soil DNA template with a final
volume of 20 μL. The PCR conditions were an initial dena-
turation step of 95 °C for 2 min followed by 25 cycles of
denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s,
extension at 72 °C for 30 s, and a final elongation at 72 °C for
5 min. PCR products were visualized on 2 % agarose gels.

PCR products of each sample were pooled by volume (to
minimize PCR bias), purified with the PCR Purification Kit
(Axygen Bio, USA), and quantified with PicoGreen®
(Promega, USA). Next, the amplicons from each sample were
pooled in equimolar concentrations into a single tube, and an
emulsion PCR was carried out to make the single strands on
beads as required for 454 pyrosequencing. Pyrosequencing
was performed on a 454 GS-FLX Titanium System (Roche,
Switzerland) by Majorbio Bio-pharm Technology Co., Ltd
(Shanghai, China).

Processing of Pyrosequencing Data

Pyrosequencing data were processed using Mothur (version
1.25.1) [28] following the Schloss standard operating proce-
dure [29]. In brief, sequences having a minimum flow length
of 450 flows were denoised using the Mothur based
reimplementation of the PyroNoise algorithm [30] with the
default parameters. Denoised sequences with one or more
mismatches to the barcode, two or more mismatches to the
primer, any ambiguous base call, a homopolymer longer than
8 bp or a length shorter than 200 bp were eliminated, and then
the filtered sequences were assigned to soil samples based on
unique 10-bp barcodes. After removing the barcode and
primer sequences, the unique sequences were aligned against
the Silva 106 database [31]. Through screening, filtering,
preclustering processes, and chimera removal, the retained
sequences were used to build a distancematrix with a distance
threshold of 0.2. Using the average neighbor algorithm with a
cutoff of 97 % similarity, bacterial sequences were clustered
to operational taxonomic units (OTUs), and the most abun-
dant sequence in each OTU was selected as the representative
sequence. Representative sequences were taxonomically clas-
sified using a Ribosomal Database Project naive Bayesian
rRNA classifier [32] with a confidence threshold of 80 %.
Relative abundance of a given phylogenetic group was set as
the number of sequences affiliated with that group divided by
the total number of sequences per sample. To correct for
sampling effort, we used a randomly selected subset of 5,
940 sequences per sample for further analysis. To compare
the effect of the crop rotations, we averaged the relative
abundances of OTUs from each field site of each rotation.

Statistical Analysis

An OTU-based analysis was performed to calculate the rich-
ness, diversity, evenness, and coverage with a cutoff of 3 %T
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dissimilarity. Richness indices, the Chao1 estimator [33], and
the abundance-based coverage estimator (ACE) [34] were
calculated to estimate the number of observed OTUs that were
present in the sampling assemblage. The diversity within each
individual sample was estimated using the nonparametric
Shannon diversity index [35]. Good’s nonparametric coverage
estimator [36] was used to estimate the percentage of the total
species that were sequenced in each sample. Rarefaction
curves generated using Mothur [28] were used to compare
relative levels of bacterial OTU diversity across all soil sam-
ples. Significant differences in the rarefaction curves were
considered when there was no overlap between the 95 %
confidence intervals.

To compare bacterial community structures across all sam-
ples based on the OTU composition and examine the relation-
ship between relative abundances of abundant phyla
(proteobacterial classes) and environmental variables, princi-
pal component analysis (PCA) of sites and redundancy anal-
ysis (RDA) were carried out using CANOCO for Windows
[37]. Bray–Curtis indices were calculated and represented in a
heat map format with hierarchical cluster analysis to depict the
similarity and dissimilarity between bacterial communities.
Variance partitioning analysis (VPA) was also used to
determine the contributions of soil properties, locations,
and crop rotations, as well as interactions between them
on the variation in a bacterial community with
Hellinger-transformed data. Heat map and VPA were
performed in R (Version 2.15.0) [38] with the gplots
[39] and vegan [40] packages. Pearson correlation coef-
ficients between soil geochemical characteristics and
Spearman’s rank correlations between abundant phyla
(proteobacterial classes) and soil properties were calcu-
lated using PASW Statistics 18 (SPSS Inc.). We also
used two sample t test analyses to compare the alpha-
diversity indices and soil properties between two cropping
systems. Duncan’s multiple range tests were carried out to
compare the soil properties and relative abundance of bacterial
communities among sampling sites.

Sequence Accession Numbers

The pyrosequencing-generated nucleotide sequences have
been deposited in the NCBI Sequence Read Archive (SRA)
database with accession number SRA059577.

Results

Soil Physicochemical Characteristics

The geographical and selected physicochemical characteris-
tics of the analyzed soil samples are summarized in Table 1.
The two cropping systems showed significant differences with

respect to edaphic properties such as soil pH, available K,
available P, TN, and the C/N ratio. The soil SOC in the winter
wheat–rice cropping system ranged from 13.46 to 19.16 g/kg,
and the SOC in the winter wheat–maize cropping system
ranged from 13.74 to 16.91 g/kg.

Bacterial Community Composition

Across all soil samples, we obtained 102,367 quality sequences
in total and 5,940–7,511 sequences per sample (mean=6,824)
and were able to classify 77.9 % of those sequences at the
phylum level. The dominant phyla (proteobacterial clas-
ses) across all samples were Alphaproteobacteria ,
B e t a p r o t e o b a c t e r i a , D e l t a p r o t e o b a c t e r i a ,
Gammaproteobacteria , Acidobacteria , Chloroflexi ,
Bacteroidetes , and Actinobacteria (relative abundance>
4 %), accounting for 62.8 % of the bacterial sequences
(Fig. 1). In addition, Verrucomicrobia , Nitrospirae ,
Gemmatimonadetes , Firmicutes , Planctomycetes , and
Armatimonadetes were present in all of the samples
with low abundance, and nine other more rare phyla
were identified (Table S2). Similar patterns of bacterial
community structure were observed within the WR
cropping systems, while it was differed within the
WM cropping systems (Table S3). The phylum distri-
bution varied under different cropping systems.
Betaproteobacteria accounted for 13.37 % of the total
bacterial communities under the WR cropping sys-
tems, while it was only 6.78 % under WM. In con-
trast, Alphaproteobacteria made up 11.12 % of the
total bacterial communities under WM cropping sys-
tems but were present in lower percentages (3.42 %)
under WR. Phylum Actinobacteria was also richer
under WM (9.38 %) compared to WR (2.52 %), while
phylum Chloroflexi showed the opposite pattern, be-
ing higher under WR (6.70 %) than WM (2.21 %).
Other phyla did not vary much between winter wheat–
rice and winter wheat–maize cropping systems. Within
WM cropping system, Acidobacteria accounted for
20.73 % of the total bacterial communities in DZ,
significantly higher than in QZ (15.17 %). On the
contrary, phylum Actinobacteria was striking higher
in QZ (14.05 %) than in DZ (4.70 %). Other phyla
had smaller differences within the WM cropping sys-
tems. Interestingly, a higher diversity (number of taxa)
and relative abundance of anaerobic bacteria were
observed under WR than WM cropping systems (Table 2).
Two anaerobic related phyla Chlorobi and Spirochaetes
were only detected under WR, although their relative
abundances were low. Likewise, some other anaerobic
representatives had a similar pattern. In contrast, relative
abundances of some aerobic bacteria were richer under
WM than WR.
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Bacterial α-Diversity

Bacterial diversity and richness of different cropping systems
were calculated based on the samples belonging to them, and
each sample was calculated based on 5,940 sequences
(Table 3). Statistically significant differences (P<0.05) in
richness and diversity were observed for Chao1, ACE, Shan-
non, and coverage under different cropping systems. The WR
cropping system had a higher richness for Chao1 (3,513±259,
n=9) and ACE (4,916±165, n=9) and a higher diversity for
Shannon (6.72±0.07, n=9) in comparison to the WM
cropping system. However, WM had a higher percentage of
coverage (0.88±0.01, n=6) than WR (0.83±0.01, n=9). In
addition, the number of observed OTUs was higher in WR (1,
833±51, n=9) than WM (1,474±50, n=6). The rarefaction
curve (Fig. 2) also indicated that the number of observed

OTUs for winter wheat–rice cropping systems was signifi-
cantly higher than for winter wheat–maize cropping systems,
with ZJG having the highest number of observed OTUs at the
same sample effort.

Bacterial Community Structure

To compare the similarity and dissimilarity between all sam-
ples, we generated a heat map with hierarchical cluster based
on Bray–Curtis distance (Fig. 3). Hierarchical cluster analysis
showed that different patterns of community structure were
observed betweenWR andWM cropping systems, while they
were similar within the same cropping systems. The Bray–
Curtis indices showed that a higher similarity of bacterial
communities was found in the WR sampling sites than in
the WM.

Fig. 1 Relative abundance of the
dominant bacteria phyla
(proteobacterial classes) in all
samples combined and in each
cropping system. Relative
abundances are based on the
proportional frequencies of those
DNA sequences that could be
classified at the phylum
(proteobacterial class) level. WR
winter wheat–rice, WM winter
wheat–maize

Table 2 Relative abundances of
anaerobic and aerobic bacteria
(facultative/obligate) between
cropping systems (values repre-
sent percentage of total nonre-
dundant sequences)

ND not detected

Taxa Winter wheat–
rice (WR)

Winter wheat–
maize (WM)

Chlorobi 0.559 ND Anaerobe (most)

Spirochaetes 0.082 ND Anaerobe

Chloroflexi 6.700 2.210 Facultative anaerobe

Clostridia 0.902 0.061 Obligate anaerobe

Flavobacterium 0.921 0.415 Obligate anaerobe

Thiobacillus 1.327 ND Anaerobe

Arthrobacter ND 1.522 Aerobe

Bacilli 0.546 1.198 Aerobe(most obligate)

Sphingomonas 0.623 3.176 Aerobe
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The samples contained 1,432–1,883 OTUs per 5,400 se-
quences; 19.8–25.4 % of the OTUs were unique to each
sample, 20.6–52.1 % of the OTUs overlapped in any pair of
samples, indicating that a high percentage of OTUs were
shared between each pair of samples (Table S4). In addition,
triplicate samples and samples within the same cropping sys-
tems shared more OTUs than samples between the two
cropping systems, indicating that the community structure
was different between WR and WM.

Concomitantly, PCA clearly showed variations between
these two cropping systems (Fig. 4). The first two principal
components can explain 77.05 % of the total bacterial com-
munity variations among the individual samples. Bacterial
community compositions shift greatly between WR and

WM cropping systems along the second principal component
axis. Moreover, bacterial community structures of WR
cropping system are still grouped well even in the third
principal component axis, while the QZ and DZ are separated

Table 3 Estimated number of observed OTUs, richness, diversity, and
coverage of two cropping systems

Winter wheat–
rice (WR)a

Winter wheat–
maize (WM)b

OTUs 1,833±51 a 1,474±50 b

ACE 4,916±405 a 3,337±260 b

Chao1 3,513±259 a 2,569±153 b

Shannon 6.72±0.07 a 6.39±0.07 b

Coverage 0.83±0.01 b 0.88±0.01 a

Different lowercase letters indicate statistically significant differences
(P<0.05) between winter wheat–rice and winter wheat–maize cropping
systems according to two samples t-test
a Values (mean±SD, n=9) from nine samples (CS1_3, JT1_3, and
ZJG1_3) belonging to winter wheat–rice cropping system
bValues (mean±SD, n=6) from six samples (DZ1_3 and QZ1_3) be-
longing to winter wheat–maize cropping system

OTUs operational taxonomic units, ACE abundance-based coverage
estimator, Shannon nonparametric Shannon diversity index, Coverage
Good’s nonparametric coverage estimator

Fig. 2 Rarefaction curves of bacterial communities based on observed
OTUs at 3 % distance for individual samples. Error bars indicate 95 %
confidence intervals

Fig. 3 Heat map of bacterial communities based on Bray–Curtis distance
indices. Clustering of samples based on Bray–Curtis distance indices
calculated by OTUs at a distance of 3 %. Color from black to red
indicates increasing similarity

Fig. 4 Principal component analysis (PCA) of bacterial communities
based on OTUs at a distance of 3 % for individual samples from winter
wheat–rice (circle) and winter wheat–maize (triangle) cropping systems.
The first two components are 56.17 and 20.88 %
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with each other (Fig. S1), indicating that WR cropping sys-
tems shape a more similar bacterial assemblages than WM
cropping systems.

Linking Bacterial Communities to Soil Properties, Location,
and Crop Rotation

RDA was performed to study the effect of environmental
variables (soil properties, location, and crop rotation) on
abundant phyla (proteobacterial classes) (Fig. 5). The results
showed significant correlation between environmental vari-
ables and abundant bacterial phyla (P=0.002, Monte Carlo
test). The first two axes of RDA explain 69.6 and 16.0 %,
respectively, of the total variation in the data. Abundant phyla
of the WR were more alike and related to higher SOC, TN,
and available P contents, in addition to the similar longitude
and same rotation, as shown by their close grouping and by
the vectors. On the other hand, bacterial communities of DZ
formed a separate group associated with higher available K
contents and lower TN and available P contents, while the
bacterial communities of QZ separated from others with lower
SOC contents. The main abundant phyla differed within WM
cropping systemwere Acidobacteria ,Gammaproteobacteria ,
Verrucomicrobia , and Actinobacteria (Table S3; Fig. 5). Be-
cause some environmental variables were highly correlated
with each other (Table S5), we also used Spearman’s rank-
order correlation to evaluate relationships between abundant
phyla (proteobacterial classes) and soil edaphic properties

(Table 4). We found that the relative abundance of
Betaproteobacteria and Chloroflexi was positively correlated
with soil available P and TN contents and negatively corre-
lated with soil pH, available K contents, and the C/N ratio.
The relative abundance of Gammaproteobacteria and
Bacteroidetes was positively correlated with soil pH, avail-
able K contents, and the C/N ratio and negatively correlated
with available P and TN (only Bacteroidetes ) contents. The
re lat ive abundance of Alphaproteobacteria and
Actinobacteria was negatively correlated with soil available
K contents and positively correlated with soil available P
contents. In addit ion, the relat ive abundance of
Deltaproteobacteria was positively correlated with soil avail-
able P and TN contents and negatively correlated with avail-
able K contents. We also found that Acidobacteria had no
significant correlation with all soil properties, and soil SOC
contents showed no correlations with any of the abundant
phyla and classes.

To quantify the relative contributions of soil properties,
location, and crop rotation to the total bacterial community
based on the OTU composition, VPAwas carried out, and the
variation in bacterial community structure was partitioned
among soil properties, crop rotation, and location, as well as
interactions between them. These variables explained 46.1 %
of the observed variation, leaving 53.9 % of the variation
unexplained (Fig. 6). Location, soil properties, and crop rota-
tion explained small portions of the observed variation alone,
which accounted for 4.2 % (P=0.09), 2.7 % (P=0.01), and

Fig. 5 Redundancy analysis
(RDA) of abundant phyla
(proteobacterial classes) and
environmental variables for
individual samples from winter
wheat–rice (circle) and winter
wheat–maize (triangle) cropping
systems
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1.3 % (P=0.03), respectively. The variation was mostly ex-
plained by interactions between soil properties and location
and soil properties and crop rotation, which accounted for
30.2 and 12.4 %. The interactions between location and crop
rotations accounted for only 1.9 % of the variation.

Discussion

Winter wheat–rice and winter wheat–maize cropping systems
are the two main cropping systems for winter wheat produc-
tion in China. In this study, pyrosequencing was used to
investigate the effect of cropping systems, locations, and soil
properties on the total bacterial community. The sequence

analyses reveal that phyla Proteobacteria , Acidobacteria ,
and Bacteroidetes were the most abundant phyla in all of the
samples. These results were consistent with several other
studies demonstrating that Proteobacteria , Acidobacteria ,
and Bacteroidetes are dominant soil bacterial taxa using 16S
rRNA gene clones or pyrosequencing [41, 42]. Significant
differences in soil bacterial composition were also observed in
these two cropping systems. In particular, high relative abun-
dances of Betaproteobacteria and Deltaproteobacteria were
observed in WR, while Alphaproteobacteria and
Gammaproteobacteria were richer in WM (Table S1). To
explain why some bacterial phyla are more abundant in soils
than other, some researchers have proposed the concept of
copio- and oligotrophic bacteria [43, 44]. Betaproteobacteria
was considered as copiotrophic (fast growing) and always
associated with large amounts of available nutrients [44]. In
our study, we found that soil available P and TN contents were
significantly higher inWR cropping systems thanWM, which
may explain why the higher relative abundance of
Betaproteobacteria was found in WR. Chu et al. [45] and
Rousk et al. [46] have reported that the relative abundances of
Alphaproteobacteria and Gammaproteobacteria increase
with higher pH, which appears the same in our study (Fig. 1
and Table 1). In fact, ZJG has a higher pH but results in a low
abundance of these two subgroups (Table S2). Therefore, we
hypothesize that there are also some other factors affecting
these groups in soil.

Many studies have shown that environmental factors shape
community structure [46–48]. In our study, we found that the
proportions of abundant phyla and proteobacterial classes
were highly correlated with soil pH. Our results were consis-
tent with several other studies that demonstrated that soil pH
was the strongest factor in structuring bacterial communities
[45, 46, 49]. The relative abundances of Betaproteobacteria
andChloroflexi were negatively correlatedwith soil pH, while
the abundances of Gammaproteobacteria and Bacteroidetes
were positively correlated with soil pH. In addition, the abun-
dances of Alphaproteobacteria and Actinobacteria were

Table 4 Spearman’s rank correlations (r) between abundant taxa (RA >4 % in all samples combined) and soil properties

pH Available P Available K Soil organic C Total N C/N ratio

Alphaproteobacteria 0.454 −0.636* 0.721** −0.021 −0.461 0.504

Betaproteobacteria −0.758** 0.771** −0.657** −0.029 0.606* −0.629*
Deltaproteobacteria −0.252 0.739** −0.661** 0.396 0.595* −0.368
Gammaproteobacteria 0.903** −0.564* 0.582* 0.389 −0.413 0.629*

Acidobacteria 0.425 −0.461 0.425 −0.286 −0.268 0.118

Chloroflexi −0.794** 0.768** −0.736** −0.250 0.599* −0.714**
Bacteroidetes 0.733** −0.811** 0.611* −0.114 −0.718** 0.689**

Actinobacteria 0.270 −0.621* 0.850** −0.129 −0.477 0.371

*P<0.05; **P<0.01

RA relative abundance

Fig. 6 Variation partitioning analysis (VPA) of the effects of soil properties
(S), locations (L), crop rotation (C), and interactions between them on the
bacterial community structure.Circles on the edges of the triangle show the
percentage of variation explained by each factor alone. The percentage of
variation explained by interactions between two or three of the factors is
shown as squares on the sides and as a circle at the center of the triangle.
The unexplained variation is depicted in square on the bottom
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poorly correlated with soil pH. Our observations were in
contrast to several other studies that showed that
Betaproteobacteria and Alphaproteobacteria increase with
higher soil pH and that Acidobacteria was sensitive to soil
pH [46, 49]. Soil pH in our study varied from just 7.31 to 8.39,
resulting in a nonsignificant change in Acidobacteria . This
finding is in contrast to other studies in which the soil pH
varied from 3 to 8. Furthermore, we observed that several
other soil properties such as soil available P, available K, TN,
and the C/N ratio were significantly correlated with abundant
phyla and proteobacterial classes (Fig. 5). For instance,
Betaproteobacteria and Deltaproteobacteria were positively
correlated with soil available P contents and negatively corre-
la ted wi th soi l avai lable K contents . However,
Alphaproteobacteria and Gammaproteobacteria had an op-
posite pattern. This finding may be a good explanation for the
h ighe r pe r cen t age o f Be tapro t eobac t e r i a and
Deltaproteobacteria in WR, while Alphaproteobacteria and
Gammaproteobacteria were richer in WM. We also observed
that Actinobacteria was positively correlated with soil avail-
able K contents and negatively correlated with soil available P
contents. In contrast, Nacke et al. [10] found that
Actinobacteria was positively correlated with TN. Thus, we
hypothesize that soil properties such as soil available P, avail-
able K, TN, SOC, etc., can also drive bacterial communities in
some specific situations. Moreover, we found that anaerobic
bacteria were more abundant in WR compared to WM, and
two anaerobic phyla were only detected in WR. To the best of
our knowledge, periodic flooding in the rice season for crop
production resulted in an anaerobic environment, which may
affect the soil bacterial community. Kikuchi et al. [50] and
Noll et al. [51] found that bacterial community structure and
diversity in a paddy soil can be affected by flooded/upland
conditions and oxygen gradient. Therefore, we hypothesize
that soil oxygen is also a factor in shaping bacterial commu-
nities and will have an effect for a period of time. We also
observed that the abundant phyla were very similar within
WR, while they differed between QZ and DZwithinWM.We
also hypothesize that anaerobic environment in WR help to
shape the very similar bacterial community structure.

The bacterial communities were grouped well according to
the cropping systems, not only in the alpha diversity but also
in community structure (Figs. 2, 3, and 4). Further analysis
showed that crop rotation could only explain smaller variation
(1.3 %) in the total bacterial community, even though it is
significant (P=0.03) in determining the bacterial community.
Most of the variation can be explained by the interactions
among soil properties, location, and crop rotation. The
variation that cannot be explained may be caused by
some other factors, such as cropping history, fertiliza-
tion, and stochastic factors. This study was consistent
with some other studies that showed that crop rotation
had a significant effect on the total bacterial community

[17, 20]. In addition, locations and soil properties also
affect the bacterial community in this study.

Soil microbial diversity is considered to be critical to the
integrity, function, and long-term sustainability of soil ecosys-
tems [9], which is usually reduced by agricultural perturbation
[52, 53]. Recently, an increasing number of studies have dem-
onstrated that greater biodiversity can enhance the ecosystem
and the stability of microbial functions [54, 55]. Hence, main-
tenance and restoration of microbial biodiversity are becoming
key issues in sustainable agricultural systems. In the present
study, a more diverse bacterial community was detected in WR
compared to WM, indicating that winter wheat–rice cropping
systems may have a more stable ecosystem, which may con-
tribute toward sustainable crop production.

Finally, it is important to acknowledge that we used DNA-
based deep sequencing to reveal the bacterial diversity and
community structure. Detecting DNA from dead bacteria is a
common criticism of using DNA-based molecular methods to
characterize microbial communities. This potential bias may
prevent us from gaining real insights into the bacterial com-
munity. In the present study, we cannot be sure whether the
anaerobic bacteria are currently active or dormant in the no
flooding period of wheat season. Strategies exist to reduce or
eliminate nucleic acids from dead bacteria, such as incorpora-
tion of DNA digestion steps prior to cell lysis or performing
RNA-based analysis. We also acknowledge that choosing the
V1–V3 region as a target for deep sequencing may lead to
unexpected bias. However, the V1–V3 region was suitable for
phylogenetic analysis and distinguishing most bacterial spe-
cies from the phylum level to the genus level [56, 57]. There-
fore, even if some bacterial communities were missed or
overestimated, we could still investigate the difference be-
tween the different cropping systems.

Conclusions

Cropping systems, locations, and soil properties and the inter-
actions among them are correlated with changes in soil bac-
terial community. The interactions between these environ-
mental variables and managements can explain the main
explicable variation of the community. Similar patterns of
bacterial community structure were found in WR, while the
WM cropping systems shape different bacterial assemblages.
Higher diversity and richness were observed in the winter
wheat–rice cropping system and may help maintain a stable
and sustainable system.
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